There are many ways to reduce diesel engine exhaust emissions. However, NO x emission is difficult to reduce because the hydrocarbon (HC) concentration in a diesel engine is not sufficient for NO x conversion. Therefore, in order to create stoichiometric conditions in the De-NO x catalyst, a secondary injection system is designed to inject liquid HC into the exhaust pipe. The atomization and distribution characteristics of the HC injected from a secondary injector are key technologies to obtain a high NO x conversion because inhomogeneous droplets of injected HC cause not only high fuel consumption but also deterioration of NO x emission. This paper describes the spray characteristics of a secondary injector including the spray angle, penetration length and breakup behaviour of the spray to optimize the reduction rate of the NO x catalyst. In this study, various optical diagnostics were applied to investigate these spray characteristics, the atomization mechanism and spray developing process. The visualization and image processing method for the spray pulsation were developed by high speed photography. The influence of the fuel supply pressure on the spray behaviour and a more detailed spray developing process have been analysed experimentally using image processing. Finally, the experimental results were used to correlate the spray structure to the injection system performance and to provide a design guide for a secondary injector nozzle.
Introduction
The exhaust emissions of internal combustion engines constitute a serious health issue. Many countries have therefore proposed severe regulations for reducing the exhaust emissions of automotive engines. However, it will not be easy to reach such low emission levels in the case of diesel engines. A modern diesel engine has been modified to incorporate advanced air and fuel injection systems with advanced emission controls [1] . The NO x reduction system which is one of these after-treatment systems needs a rich or a stoichiometric operation condition periodically, in order to reduce NO x emission. The hydrocarbon (HC) concentration in a diesel engine is not sufficient for NO x conversion. Thus, it was proposed that a rich air-fuel ratio in a diesel engine should be realized by post fuel injection or supplemental fuel injection into the exhaust gas [2] . In this study, a secondary injection system is designed to inject liquid HC into the exhaust pipe, in order to create stoichiometric conditions in the De-NO x catalyst. The atomization and distribution characteristics of the HCs injected from a secondary injector are key technologies to obtain a high NO x conversion because inhomogeneous droplets of injected HCs cause not only high fuel consumption but also the deterioration of the NO x emission. Achieving an efficient purification process in the current De-NO x catalyst requires a proper spray structure and uniform fuel-air distribution inside the exhaust pipe. A large number of experiments have been ongoing by several researchers, in order to analyse fuel sprays, during the past decades [3] [4] [5] [6] [7] . The research considers spray characterization from two different approaches; the macroscopic structure including the contour, penetration length and cone angle that are measured conventionally by high speed photography [8, 9] and the microscopic structure including the droplet size, velocity and density distributions, which can be measured by a number of different laser-based techniques [10] [11] [12] .
Imaging techniques are widely applied to macro-scale parameters by the use of a CCD camera with xenon lamps or a laser as the light source. The laser diffraction method was used to measure the Sauter mean diameter (SMD) and the spray droplet size distribution. This technique uses the Fraunhofer diffraction pattern that is formed when drops are illuminated by a parallel beam of coherent light, in order to determine the droplet size distribution. The spray model is also used to simplify the atomization and breakup mechanism in the spray. To calibrate these models, experimental reference data are imperative. Since modelling of the spray atomization process is a very difficult task, it is necessary to specify the velocity at the nozzle exit and the initial droplet distribution. Velocity data can be estimated using a steady state flow simulation through the nozzle, whereas the droplet distribution data are typically obtained from experiment.
In this study, the digital image processing algorithm was developed to compensate for the non-uniform illumination problem, which often occurs in a visualization experiment. In addition, quantitative analysis of the spray characteristics including the spray angle, tip penetration, discharging velocity, frequency of pulsation behaviour and mean diameter was conducted by optical diagnostics. Finally, the influence of the fuel supply pressure on the spray behaviour was elucidated.
The main objective of this study was to investigate the spray characteristics of a secondary fuel injection nozzle at atmospheric conditions. Furthermore, the results provide experimental data that validate simulations and offer detailed information about the spray structure and 
Experimental apparatus
The aim of the measurement system is to quantitatively characterize the behaviour of the spray from a secondary injector. In order to investigate the spray developing process, a large number of images are analysed before statistical treatment.
Injection system and fuel
The secondary fuel injector used in this study is fabricated especially for use in research. The liquid HC is injected into the exhaust pipe by this secondary injector. The injector nozzle is opened and closed depending on the fuel pressure. The injector produces a solid-cone pattern. Table  1 includes nozzle specifications and experimental conditions. The injection system is operated at a much lower injection pressure (maximum = 1 MPa) than conventional diesel fuel injection systems. Figure 1 shows a schematic of the injection system. The injection system used in the experiments is composed of a low pressure pump that can increase the pressure up to 0.7 MPa, a filter, a pressure regulator and an injection unit as shown in the figure.
An active high TTL command signal is provided to the metered valve driver. The driving pulse signal of a solenoid valve is sent to a delay pulse generator and the delayed pulse signal is used as a trigger to start the high speed video camera or high resolution CCD camera.
All of the experiments were performed with ISO 4113 proof oil, which is used as the working fluid instead of diesel fuel because its properties of density and viscosity are very • C 4.0 Distillation 5% min at 360
• C 96 Viscosity at 40
• C (cSt) 2.57 similar to that of diesel fuel. Table 2 shows the physical characteristics of the test fuel.
Spray visualization system
Two different types of test setups have been used to capture the spray images. Figure 2 shows a schematic of the visualization system arrangement. The macro-scale parameters of the spray including the spray penetration length and cone angle have been investigated by the high speed CCD camera using a xenon lamp with a large illumination range as the light source.
As illustrated in figure 2(a), the illuminated droplets in the spray scatter the light into the optics creating a negative image of the spray. The developing process of the spray was observed by direct photography using a high speed video camera (Phantom 7.0) with a xenon lamp. Images are acquired at a grabbing rate of 10 000 and 20 000 fps with an exposure time of 10 µs. The captured images have 256 × 512 and 256 pixels with 8 bits of grey scale resolution. The measurement area has a size of approximately 20 mm × 40 mm. The captured images of the spray were directly downloaded from the camera's RAM to the PC. The specifications of the high speed camera are shown in table 3.
Microscopic visualization, as shown in figure 2(b), was applied to the sprays with a spark light source, which had a light duration of less than 100 ns. In order to determine the size of the droplet on the image and whether it is in focus, calibration was preceded with a reticle, which has various predetermined hole sizes. A white background illumination is used to obtain high contrast images of the spray. Figure 3 . Optical arrangement used in the Malvern particle sizer. shows the specifications of the high resolution CCD camera used in this experiment.
Droplet measurement system
The laser diffraction method was used to measure the SMD, which is the diameter of a uniform equivalent droplet with the same total volume and the same surface as all drops, as given by
In this study, a Malvern instrument (Mastersize 2000) was used to measure the SMD and droplet size distribution. This technique uses a 'far-field' diffraction pattern (the Fraunhofer diffraction pattern) that is formed when drops are illuminated by a parallel beam of coherent light to determine the droplet size distribution. Figure 3 shows the optical system and the principle of the Malvern system used in this study. The instrument measures the variation in angular scattering as a function of the particle size for a group (ensemble) of particles and allows sampling at rates up to 2500 Hz. The laser light source used was a He-Ne laser and it has 5 mm diameter. Therefore, the laser diffraction method was used mainly to identify the integrated droplet size distribution within the spray. The experimental setup for the Malvern system is shown in figure 4 . The system consists of a laser light source, a detector, a fuel supply system and an image processing unit. Several measurements at different locations are required to get the overall spray SMD distribution. Thus, a traverse system was used to change the measurement position, in order to investigate the spray structure in high detail. The obtained images of the spray were analysed by software installed on the PC. Table 5 shows the detailed specifications for the Malvern system used in this study.
Image processing algorithm
Averaging many spray images is a typical quantification method for spray characteristics. However, if quantitative spray characteristics are to be obtained from so many images by an averaging method, a considerable amount of time and stable conditions that provide repeatability are needed. In this study, an image processing method for obtaining quantifying spray characteristics from a high speed camera was developed using Matlab. The flowchart of the image process used in this study is shown in figure 5 .
Correction of non-uniform illumination
Appropriate illumination conditions are necessary to obtain high image quality. However, it is difficult to obtain uniform illumination from the light source. A correction method was developed to solve the problem in the automated image analysis that is caused by inhomogeneous illumination conditions. The interaction between an ideal uniform illumination I and an object O(x, y) is usually well described by a multiplicative model that yields a true intensity-uniform image U(x, y):
Generally, most of the images acquired from a visualization system tend to have non-uniformity that is caused by imperfect object preparation, imperfect optics and uneven sensitivity of the camera.
The relationship between an ideal uniform image U(x, y) and the non-uniform image N(x, y) acquired by a real camera has been formulated with a linear model of image formation as follows:
This linear model consists of an additive term S A (x, y) and a multiplicative term S M (x, y) to simulate the non-uniformity of the intensity distribution in the image formation process. It is well known that the shading correction is a process that compensates for the non-uniform intensity distribution. That is, the shading correction process is used to estimate the optimal S M (x, y) and S A (x, y). However, this process should be conducted prior to quantification of the visualization results because the correction value will change with various experimental conditions. Shading correction methods are classified into two major groups. One is an acquisition-based method and the other is retrospective methods, which are subdivided into filtering methods and surface fitting methods.
The acquisition-based shading correction methods involve one or two reference images (background image, or dark image and white image) and interpret them as multiplicative and additive components for the acquired images N(x, y), while retrospective methods rely on the information content of the acquired image.
Since the acquired high speed images prior to injection include the background information, it is easy to apply acquisition-based shading correction methods to the high speed photography method, which requires additional a priori acquisitions. In this study, the background information does not require quantification of the spray characteristics. Thus, a new correction model is proposed that is based on the linear correction model; the additive component and background information are discarded. Non-uniform illumination is thus corrected for by the equation
where U FG (x, y) is the corrected foreground (spray) image, N BG (x, y) is the background image before injection starts and C is the normalization constant to restore the desired grey level range. The image processing procedure used in this study is shown in figure 6 . The multiplicative component C/N BG (x, y) in equation (4) should be realized by means of a look-up table to improve the computational time efficiency. Figure 7 shows the intensity line profiles of the dash-dot vertical line in figure 6 . By comparing line profiles (c-c ) and (d-d ), it is found that the non-illumination effect of the top and bottom regions has been compensated for. In addition, the light intensity (a-a ) shows a Gaussian distribution profile.
Automatic segmentation
In order to obtain the accurate detailed quantification of spray characteristics from the images, the most important step is how to distinguish the spray image from the background and define the spray boundary. Hundreds of segmentation techniques are presented [13] , but there is not a proven 'best' method to apply for all kinds of images. The main point of the segmentation algorithm is to select a suitable threshold level to separate the spray from the background. However, it is very difficult to extract the boundary of the spray because there is an overlap region between the distribution of the spray and the noise in the image intensity histogram.
In this study, the threshold level was obtained using the Canny filtering method [16] in order to eliminate the noise. The Canny method finds the boundary edges by detecting local maximum values of the image gradient. The gradient is calculated using the derivative of a Gaussian filter. This method is therefore efficiently applied to the image that has lots of noise. Figure 8 depicts the temporal threshold level obtained from the Canny method. Threshold levels are almost uniform regardless of the acquiring time for the steady state condition. However, it was found that the low signal-to-noise ratio (SNR) in the period of leading and trailing edges causes an overestimation of the spray edge. To solve this problem, the averaged threshold level of the steady state condition has been expanded to the period of the leading and trailing edge.
Pseudo line-scan imaging technique
A high speed line camera has been used to measure the spray discharge velocity, penetration length and temporal variation of the spray width. Parallel line-scan images were used to determine the discharge velocities and penetration length. On the other hand, perpendicular line-scan images were used to determine the spray width (angle). The temporal development of the light intensity variations was presented in the form of space-time maps with grey level coded intensity levels.
This continuous and time resolved information obtained by the line camera was effective to measure the spray width for the spray intermittency or to analyse the breakup properties on the spray periphery. Similar information could be extracted from high speed imaging systems in principle [15] . It is important to have enough flame speed for taking a picture in the case of the high pressure injector because the flame speed depends on the spray velocity. Thus, the pseudo line-scan imaging technique with the high speed camera used in this study can obtain good information about the spray structure because the injection pressure is low and the spray velocity is slow.
This method is shown in figure 9 . During the period of an injection, 8 bit grey time-series images with 256 × 256 pixels were acquired at every 50 µs. After correcting the images to remove the effects of spatial variations in light intensity and noise, each sequential image containing time of 80 ms (0 µs × 1600 frames: z-dimension) is loaded into a 3D buffer (x, y, z) in the PC memory, as shown in figure 9 (a). In figure 9(b) , the pseudo line-scan images can be extracted from this image buffer by shifting the dimensions. Figure 10 is an example of the pseudo line-scan images. Pseudo line-scan images have a width of 1600 pixels and a height of 256 lines. In addition, the image contained the spatial variation of the light intensity of the spray as a function of time.
Root-mean-square (RMS) averaging
In order to acquire maximum spray dispersion angle and compare the spray shape, a RMS average image was used during the whole injection period. The RMS average is used to produce full-resolution averages of an ensemble of frames according to
S RMS (x, y) is the RMS averaged spray image, S(x, y) is the spray (foreground) image after correcting and de-noising and n is the number of images. In contrast to a simple arithmetic mean average, the ensemble of frames may be obtained from different realizations of an experiment or from different stages in the same experiment, as shown in figure 11 .
Definitions of the spray characteristics
The spray characteristics presented in this paper are represented in terms of macroscopic parameters: tip penetration and spray angle. Figure 12 illustrates the definition of geometrical spray characteristics. The images shown in this figure are represented by an image processing technique, as mentioned in the previous section, in order to clarify the spray image.
As shown in figure 12(a) , the tip penetration is defined as the maximum distance from the nozzle tip when the spray is injected into stagnant air. The parallel line-scan image, along the spray axis, gave the spray propagation information with elapsed time downstream from the nozzle tip [15] .
In this study, the spray penetration characteristics were acquired from RMS averaged pseudo line-scan images. Not only were the initial spray tip velocities obtained, but also the spray discharging velocities were obtained during steady state conditions.
In figure 12(b) , the A-A dotted line indicates the spray tip penetration length as a function of time. The slope (tan(α)) is the initial spray tip velocity. The slope of the B-B dotted line (tan(β)) indicates the spray discharging velocity and the slope of the C-C dotted line (tan(γ )) indicates the terminal velocity before disintegration.
The spray angle was defined as the maximum dispersion angle in the RMS averaged spray image. Because the nozzle used in this study is controlled by the fuel pressure, pulsation behaviour occurs during the injection. Therefore, it is very difficult to obtain the spray angle with previous measurement techniques [7, 13] . The spray edge was detected by the Canny filter and is shown in figure 12(c) . The black pixels are the detected edges using the Canny filter method. The spray angle was quantified by Hough transforms. Figure 13 shows a typical injection pressure trace. The different parts of the spray (leading edge, steady state and trailing edge) can be identified in the image series. In a pulsed spray, the SMD varies throughout the duration of the spray. Successive measurements will show high SMD values at the leading edge, as the fuel must be accelerated to its steady state velocity. This reduces the steady state SMD value once the spray has been fully established; then it decays further in the tail end of the spray. Figure 14 indicates the effect of the injection pressure on the spray development for the leading edge. The supply pressure was changed to 0.4, 0.5, 0.6 and 0.7 MPa. Ambient pressure and injection duration are fixed at 0.1 MPa and 35 ms, respectively. The spray images show that the solid-cone shape and the atomization process are dominated by the liquid film breakup, and the spray tip penetration length increases with the supply pressure. The breakup of the liquid film generates a large number of droplets with a large dispersion angle. Figure 15 shows the RMS averaged image data during the injection duration under different supply pressure conditions. In addition, figure 16 shows the variation of the overall spray angle with respect to the fuel pressure. The quantified spray angles were acquired from figure 15 using the Canny filter and the Hough transform. As the injection pressure is increased, the overall spray angle is increased. From this result, it was found that the prototype nozzle has a solid-cone spray pattern and mass flow rate concentrated at the spray centre. As the fuel pressure is increased, the spray pattern becomes more symmetric with respect to the nozzle centre axis. The spray dispersion area is also expanded. Figure 18 shows the RMS averaged line-scan images with different supply pressures. In this figure, areas of high intensity represent regions of high droplet concentration or the spray tip, while areas of low intensity represent non-attenuated light (i.e., no spray or liquid film). The narrow bands of high intensity from the nozzle tip indicate the spray tip. The wide bands of high intensity represent an atomization region from the film breakup. Liquid films make low intensity regions near the nozzle tip during the injection. Thus, the breakup length could be estimated as the vertical distance between the nozzle tip and the wide band high intensity area. Comparing the images shown in figure 18 , the breakup length decreases with increasing supply fuel pressure. The injection delay also decreases with pressure.
Results and discussion
The measurement results of the spray tip penetration using the image processing technique are presented in figure 19 . Since the increased supply fuel pressure causes longer penetration length, the first liquid film generated at injection collides with the film generated by the second injection. Thus, there are reacceleration points at 2.5 ms after the start of injection. These film-to-film interactions also appeared during the steady spray period except for at 0.4 MPa.
The effects of supply pressure on the averaged initial and terminal velocities of the liquid sheet are shown in figure 20. From this result, it is determined that the initial velocities increase linearly from 0.4 MPa to 0.6 MPa. It was found that the initial velocities are faster than the terminal velocities for all the conditions of the steady state of the spray. The differences in these velocities cause the film-to-film interactions.
In order to obtain the liquid film disintegration frequency, the intensity profiles of the horizontal line were transferred to the frequency domain by fast Fourier transformation (FFT). Figure 21 shows the results of the FFT in the amplitude spectrum at different supply pressures. For each condition, the disintegration frequencies are almost the same. This means that the supply pressure between 0.4 MPa and 0.7 MPa had no effect on the pulsation frequency. this figure indicates that the SMD decreases as the injection pressure increases. As a result of this improved atomization performance, the SMD is decreased by approximately 26% from 0.4 MPa to 0.7 MPa at the centre position.
Conclusions
A detailed spray characterization study has been performed for a low-pressure diesel injection system that is intended for use in a fuel enrichment system. The influence of fuel supply pressure on spray behaviour and development has been analysed experimentally by using image processing. The conclusions are summarized as follows.
(1) The different parts of the spray (leading edge, steady state and trailing edge) can be identified in the image series and injection pressure data. (2) As the supply pressure increases, the initial spray tip penetration increased. The breakup of the liquid film generated large numbers of droplets with a large dispersion angle. The dispersion angle is broadened and the spray symmetry is improved. (3) Using a pseudo-linear array image analysis technique the spray tip penetration length, frequencies of pulsation and mean discharge velocities of the liquid films were obtained. (4) Since the reacceleration point exists near 2.5 ms after the start of injection, the first liquid film generated at injection collides with the film that is generated by the second injection. (5) For the experimental conditions discussed, the supply fuel pressure had no effect on the frequency of the pulsation. 
